Helicobacter pylori (H. pylori) is one of the most successful human pathogens and is assumed to be evolved along with it [1] . It is a gram-negative, helical-shaped, and flagellated microaerophilic organism, which mainly resides in the antral region of the stomach. The most virulent strains of H. pylori are associated with severe forms of gastric maladies, including chronic gastritis, peptic ulcers, mucosa-associated lymphoid tissue (MALT) lymphoma, and even gastric cancer [2, 3] . Molecular mechanisms associated with the initiation, progression, and development of these diseases, are poorly understood [4] . However, factors of both the host and the bacterium seem to be involved in the pathogenesis and disease outcome of H. pylori [4] . Many strains of H. pylori carry a~37 kb long, relatively A/T-rich genomic sequence, known as the cag pathogenicity island (cag-PAI) [5, 6] . The cag-PAI encodes 27 putative genes, that constitute an effectortranslocating, type IV secretion system (T4SS), named the Cag-T4SS [5, 7] . In addition to the Cag-T4SS, H. pylori also encodes two other T4SSs namely the highly conserved ComB system and less conserved tfs3 [8] [9] [10] [11] .
Type IV secretion system are transporters of macromolecules widely present in both gram-negative and gram-positive bacteria and are composed of multiple proteins [12, 13] . These systems are ancestrally related to bacterial conjugation systems [14, 15] . The prototypical VirB/VirD4 T4SS is encoded by the plant pathogen Agrobacterium tumefaciens (A. tumefaciens) and is composed of 11 VirB (VirB1-VirB11) and VirD4 proteins [16] . Although the structural arrangement of the Cag-T4SS components, inside the bacterial cell is assumed to be similar to that of prototypical T4SS, the H. pylori secretion system contains additional components [13] . Sequence analysis of the Cag proteins has revealed that only a few of them share similarity to their counterparts, like CagY to VirB10, CagX to VirB9, Caga to VirB11, and CagE to VirB4 [17, 18] . However, a large number of other Cag-T4SS components are H. pylori specific or unique in nature such as Cagd, CagF, CagZ, CagU, CagI, CagH, CagG, CagS, CagQ, CagM, CagN, and CagD [19] .
Systematic mutational analysis of the individual cag-PAI genes and subsequent functional studies of individual deletion mutants have assigned functional roles to a number of Cag-T4SS components [20] . Over the recent years, functional roles of some of the unique components are also being studied, namely Cagd, CagF, CagZ, CagI, CagD, and CagN [21] [22] [23] [24] [25] [26] [27] [28] . However, very little is known about the unique component CagU, except its requirement for translocating CagA into the host epithelial cells as well as stimulation of IL-8 secretion by the infected host [20] .
In order to understand the function of CagU in the Cag-T4SS of H. pylori 26695, we have characterized the protein using genetic, biochemical, and microscopic methods. Here, we report that it is an inner membrane-associated protein, and is partially processed at the C-terminal end. We also provide evidence that it interacts with putative inner membrane proteins CagW, and CagV and affects the expression of CagI and CagH, which are reported to be involved in Cag-T4SS pilus formation.
Materials and methods

Bacterial strains and growth conditions
Wild-type H. pylori strain 26695, its isogenic mutants were grown on brain-heart infusion (BHI) agar plates under microaerophilic condition as described previously [18] . Escherichia coli strains [DH10b, BL21 (DE3) C43, BL21 (DE3), and TOP 10] were grown on LB agar plates [18, 29] . List of bacterial strains used in the study are given in Table S1 . List of oligonucleotides and their sequences are given in Table S2 . List of plasmids used in the study are mentioned in Table S3 .
Cloning of cagU
The sequence containing first 300 base pair (bp) of cagU (1st 100 amino acids) was PCR amplified from the genomic DNA of wild-type H. pylori strain 26695 using primer pair FcagU1-100BamHI/RcagU1-100SalI, and Phusion polymerase. The amplified product was cloned into pET-28a following digestion with BamHI/SalI and transformed into E. coli DH10b. The resulting plasmid was named pETcagU1-100 (Table S3) .
Construction of HpDcagU
The nonpolar cagU deletion mutant strain was constructed by overlapping PCR [29] . Briefly, the catGC (chloramphenicol gene) was amplified from catGC cassette using primers FCSO-645 and RCSO-1076 (PCR1). The upstream region of the cagU gene containing first three amino acids was amplified by PCR from genomic DNA of wild-type H. pylori using primers FCSO-2243 and RCSO-2245 having a complementary region to the 5 0 end of catGC cassette (PCR2 
Construction of Hp/cagWFL
Hp/cagWFL is a wild-type H. pylori 26695 but having CagW with FLAG tag at its C terminus. 3X-FLAG tag sequence was inserted at the C terminus of cagW by replacing its stop codon at the native locus. For homologous recombination, 500 bp upstream region from the cagW stop codon was PCR amplified using primers FCSO-2247 and RCSO-2249 having half of the FLAG sequence at its 5 0 end (PCR1). Similarly, 500 bp downstream region from the cagW stop codon was PCR amplified using primers RCSO-2248 and FCSO-2250 having the 3 0 region of the kan cassette at its 5 0 end (for overlapping with the 3 0 region of the kan cassette; PCR2) [29] . In third PCR, the kan cassette was amplified by PCR using primers FCSO-0065 and RHPK2 having the FLAG tag at its 5 0 end (for overlapping with the FLAG sequence attached to the cagW upstream region generated in PCR 1; PCR3). The PCR products were purified and overlapping PCR (98°C/1 min, 62°C/1 min, 72°C/10 min, 98°C/15 s, 58°C/30 s, 72°C/ 1 min 15 s, and 72°C/7 min) was performed using primer pair FCSO-2247 and RCSO-2248 and Phusion polymerase. PCR product was transformed into wild-type H. pylori and the resulting Hp/cagWFL strain was verified by DNA sequencing using primer FCSO-2247 and WB. A schematic is given in the supplementary method section.
Construction of pSPcagU plasmid for complementation of the HpΔcagU mutant
The cagU is part of the cagUT operon along with cagT [20] . To construct the pSPcagU plasmid, the cagUT operon was amplified from the genomic DNA of wild-type H. pylori using primers FCSO-2163 (binds 101 bp downstream of cagT stop codon) and RCSO-2164 (binds 140 bp upstream of cagU start codon). The amplified~1.68 kb PCR product was digested with NotI/ClaI, ligated with the NotI/ClaI-digested pSP190 (Table S3) at the rdxA locus having a kan cassette and named pSPcagUT (Table S3) 
Antibody generation, SDS/PAGE, and western blotting
Recombinant His6-tagged CagU (using pETcagU1-100) and GST-tagged CagW (using pGEXcagW1-200) were expressed in E. coli BL-21 (DE3) C43, separated in SDS/ PAGE, CagU-and CagW-specific bands were cut and processed to generate respective antibodies in rabbit and mice as described earlier [28] . The specificity and titer of the antibodies were tested by WB and named as anti-CagUr (generated in rabbit), anti-CagUm (generated in mice), and anti-CagWr (generated in rabbit) antibodies. SDS/PAGE, WB, and other antibodies used in the study are described previously [18, 28] 
Subcellular fractionation
Helicobacter pylori 26695 cells were grown in BHI liquid medium, harvested, washed twice with PBS, resuspended in 500 lL of 20 mM Tris-HCl, pH 8.0, and 1 mM PMSF, and subjected to ultracentrifugation [18, 28] .
Immunofluorescence microscopy (IFM)
Immunofluorescence (IFM) microscopy was performed as reported earlier, with some minor modifications [18, 28] . Briefly, following fixation, permeabilization, and blocking, cells were incubated with specific antibodies at appropriate dilutions, washed five times with PBS and antigens were visualized using Alexa fluor 488-conjugated goat anti-rabbit secondary antibody (#-11001; Invitrogen, Eugene, OR, USA).
DSP cross-linking and immunoprecipitation (IP)
Helicobacter pylori cells (~100 lL pellet volume) were lysed in 1 mL of radioimmunoprecipitation assay buffer (RIPA buffer; 50 mM HEPES, pH 8.0, 100 mM NaCl, 2 mM EDTA, 2 mM DTT, 1% NP-40, 0.2% sodium deoxycholate, and 6 lL of 100x protease inhibitor cocktail), sonicated, centrifuged, and the supernatant was collected and samples were precleared by adding disuccinimidyl suberate (Pierce) cross-linked, preimmune rabbit serum and protein-A agarose beads, incubated at 4°C for 2 h. Sample was diluted with immunoprecipitation (IP) wash buffer and IP was performed using IP kit according to the manufacturer's protocol (Pierce cross-linking kit, # 26147). For dithiobis(succinimidyl propionate) (DSP) cross-linking, the above-mentioned RIPA buffer (without DTT)-solubilized cell extracts were subjected to DSP (1 mM final concentration) treatment. Reaction was stopped by adding 125 mM Tris-HCl (pH 7.4), incubated on ice for 15 min, centrifuged at 15 700 g at 4°C for 15 min, and supernatant was collected for further use in IP using the above-mentioned IP kit.
Acetone precipitation
Acetone precipitation was performed according to the protocol described on (http://www.mic.ucla.edu/ms_pr/ha ndouts/proteomics/protein_precipitation_protocols.pdf) with minor modifications. Desired H. pylori cell extracts was centrifuged, supernatant was collected, four volumes of 80% acetone (prechilled at À20°C) was added and incubated at À20°C overnight. Precipitated proteins were centrifuged, pellet was washed twice with 80% acetone, airdried, and resuspended in 2X-SDS loading buffer.
MALDI-TOF
Protein samples were prepared by IP using anti-CagUr antibody, separated in SDS/PAGE, silver-stained [30], desired bands were excised and submitted to Mass Spectrometry Facility of AIRF, JNU for analysis by matrixassisted laser desorption ionization-time of flight (MALDI-TOF)/TOF (ABSciexTOF/TOF 5800). Peptide sequences obtained from mass spectra were blasted against Helicobacter 26695 database, NCBI to identify target protein.
Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) was performed following published protocol [18, 28] . Briefly, H. pylori 26695 cells were resuspended in sodium phosphate buffer, fixed with fixing solution (2% paraformaldehyde and 2.5% glutaraldehyde in 100 mM phosphate buffer, pH 7.0), dehydrated by serial alcohol treatment and embedded in LR White resin for 48 h at 55°C. Ultrathin sections were cut, placed on nickel grids, and treated with blocking solution. Cell sections were incubated with indicated primary antibodies (anti-CagU and anti-CagA at a dilution of 1 : 100) and processed further as described previously [18, 28] .
Detection of CagA phosphorylation by IFM
A monolayer of AGS cells grown on cover slip was infected with either wild-type or indicated H. pylori strains at a multiplicity of infection (MOI) 1 : 100 and incubated for 6 h. Infected AGS cells were washed twice with PBS, fixed by chilled methanol on ice, air-dried, incubated at À20°C for 30 min, blocked with 5% BSA, incubated with specific antibodies [anti-phospho-tyrosine antibody-1 : 100 (4G10; Santa Cruz Biotechnology) and anti-CagA-1 : 1000] at 4°C for 2 h, cells were washed five times with PBS, and were incubated with Alexa fluor 488-conjugated goat antirabbit antibody and Alexa fluor 594-conjugated goat antimice antibody (Invitrogen) at RT for an additional 2 h. Next, cells were washed with 0.5% PBS/BSA, mounted on glass slides and visualized at 63X under a Carl Zeiss fluorescence microscope. Images were captured using an Axio Cam Hrm digital camera and analyzed by Axio-vision-4.8 software.
Ethics statement
This study was approved by the Institutional Animal Ethics Committee (IAEC) of the Jawaharlal Nehru University. The IAEC Code no: is 22/2012. For raising antibodies, Balb/c mice (female) or New Zealand white rabbit (female) were used and maintained at the Central Animal Facility of the Jawaharlal Nehru University as approved by the IAEC. After completion of the experimental procedure, the animals were maintained until their natural death.
Results
CagU is an inner membrane protein
In silico analysis of the CagU (˜24.68 kDa) has predicted that it is an inner membrane protein having three transmembrane domains with N terminus protruded toward the periplasmic face and C terminus toward the cytoplasmic face and has no signal sequence (MEMSET-SVM and http://www.cbs.dtu.dk/ services/SignalP).
To substantiate the in silico prediction, we performed biochemical and microscopic analysis of CagU for its subcellular localization. As a negative control, we constructed cagU-deficient H. pylori mutant strain HpDcagU and raised antibodies against the protein both in mice and rabbit (Fig. S1) .
We first eliminated the possibility of its surface association by studying its susceptibility to PK. As shown in Fig. S2A , unlike surface-exposed Cag-T4SS protein CagT, the level of CagU remained stable like the inner membrane component CagF. We further validated its localization inside the bacterial cell by IFM of the wild-type H. pylori under permeabilized and nonpermeabilized conditions (Fig. S2B) . No CagU signal was detected under nonpermeabilized condition, suggesting that CagU is not present at the bacterial cell surface.
To localize the protein in the cell we performed cell fractionation analysis. Wild-type H. pylori cells were fractionated into the soluble cytoplasmic/ periplasmic (C/P) and total membrane (TM) fractions. As shown in Fig. 1A , fractionated cell samples were subjected to WB using anti-CagU, anti-CagT, anti-CagI, and anti-SSB antibodies. As expected, CagT was exclusively detected in the TM fraction [31] , CagI was present both in the soluble and membrane fractions [28] , and SSB was detected in the C/P fraction [32] . Like CagT, CagU was detected only in the TM suggesting that CagU might exist as a membrane-associated protein.
To have a clear view of the CagU location, we performed immuno TEM on wild-type and HpDcagU strain (negative control). CagU-specific signals were observed on the inner membrane in the wild-type cells, whereas no CagU signal was detected in the HpDcagU cells (Fig. 1B) . Thus, these results suggest that CagU is an inner membrane-associated protein as predicted by in silico analysis.
Absence of cagX, cagW, and cagV partially affects CagU levels Several studies on the prototypical T4SS of A. tumefaciens and H. pylori have shown that the stability of one or more component/s in multiprotein complexes is dependent on the presence of their interacting partners [23, 26, 31, 33, 34 ]. Therefore, we tested the level of CagU protein in the absence of important cag genes that are required for the Cag-T4SS structure and functions, for example, cagd, cagX, cagY, cagT, cagM (required for outer membrane subcomplex), cagE, cagN, cagU, cagV, cagW, cagZ (inner membrane components), cagI, cagH, cagL (required for pilus formation), cagG, and cagA (substrate) [20, 23, 31] . Extracts from wild-type H. pylori and indicated mutant strains were prepared and subjected to WB using anti-CagU and anti-HSP antibodies (Fig. S3) . The levels of CagU were found partially affected only in the HpΔcagX, HpΔcagW, and HpΔcagV strains (Fig. S3, Fig. 2A) but not in other strains tested (Fig. S3) . The genes cagX, cagW, and cagV are part of cag4 operon, whereas cagU is part of cag5 (cagUT) operon, consequently the polar effect of their deletion on cagU expression is not expected [20] . Quantitation of CagU levels has shown that cagX deletion has maximum effect on the CagU level compared to other two gene deletions (Fig. 2B) . The results, thus, suggest that CagU might interact with these proteins [31].
CagI and CagH protein levels are dependent on CagU
Next, we tested the protein levels of important Cag components (required for the Cag-T4SS assembly and function) in the absence of cagU in HpΔcagU. We observed that the protein levels of only CagI and CagH were affected in the absence of cagU (Fig. 3A-D) . However, the protein levels of other tested Cag-T4SS components, like Cagd, CagT, CagM, CagE, CagA, CagL etc. were remained unaffected in the HpΔcagU strain (Fig. S4) . It is worth mentioning that earlier the stability of CagI has also been reported to be affected in P12ΔcagU strain [24] . To verify the result, we complemented the cagU function in the HpDcagU strain by expressing the native gene with its own promoter at the rdxA locus (Fig. S5A,B) . As shown in Fig. 3A and C, the protein levels of CagI and CagH that are required for Cag-T4SS pilus formation, were restored in the complemented HpΔcagU/cagU strain, suggesting the importance of CagU in the Cag-T4SS pilus synthesis.
CagU interacts with CagV and CagW
Since the protein level of CagU was found dependent on CagX, CagW, and CagV, and the protein was required for the stability of CagI and CagH, we hypothesized that CagU might interact with them. To test the notion, we performed IP using extracts prepared from wild-type H. pylori, Hp/cagWFL, HpDcagU, HpDcagV, HpDcagW, HpDcagX, HpDcagI, and HpDcagH with their corresponding antibodies in RIPA buffer. [Since anti-CagWr antibody was effective only in IP (Fig. S6A) but not in WB, we constructed the Hp/cagWFL strain ( Fig. S6B ) and used anti-FLAG antibody to detect CagWFL (Fig. S6C) ; Hp/cagWFL was derived from wild-type H. pylori having 3X FLAG tag at the C terminus of native cagW]. As shown in Fig. 4 , CagU was found to interact with CagV and CagW only. Therefore, we reperformed IP following cross-linking of the extracts prepared from wild-type H. pylori, HpDcagU, and HpDcagU/cagU in RIPA buffer using DSP to capture weakly interacting partner(s) of CagU [35] . We again found that only CagV and CagW were immunoprecipitated by antiCagUr antibody along with CagU. CagI, and CagH, and 11 other key Cag components including CagX were also tested, but no interaction with CagU was observed (data not shown). As expected, no CagU or CagV or CagW was precipitated by the indicated antibodies from HpDcagU or HpDcagW strains.
Self-association of CagU
In the prototypical VirB/VirD4, and other T4SSs including Cag-T4SS, a number of components or subunits are reported to undergo self-association or oligomerization [17, 21, 25, [36] [37] [38] . For example, VirB6, VirB7, VirB8, VirB9, VirB10 etc. of A. tumefaciens, Cagd, CagF, and CagD etc. of H. pylori are known to form either dimer or oligomer [17, 21, 25] . In fact during our search for interacting partner(s) of CagU by IP, we observed a~50 kDa CagU-specific band (data not shown). We presumed it to be a CagU dimer, but were unable to ascertain whether it was self-association or heterodimer. To test the identity of the other component in the said CagU-specific band, we generated a truncated version of CagU in H. pylori (CagUDC50-His,~21 kDa, where 50 amino acids from 169 to 218 in the C terminus were deleted, Fig. S7A ). Next, we prepared an extract from the strain and mixed it with the wild-type extract in 1 : 1 ratio, cross-linked using DSP, subjected to IP using anti-CagUr antibody, separated in SDS/PAGE, and western blotted using antiCagUm antibody. The rationale behind the experiment was that if CagU undergoes self-association (homodimer) following cross-linking it will generate three CagU-specific cross-linked products having molecular masses of~50 kDa,~46 kDa, and~42 kDa along with two monomers of molecular masses of~25 kDa, and~21 kDa. However, if it forms a heterodimer, the following cross-linking of two products (CagUunknown protein) and (CagUDC50-His-unknown protein) would be visible along with starting CagU monomers. As shown in Fig. 5A , three CagU-specific, cross-linked products having molecular masses of 50 kDa,~46 kDa, and~42 kDa are observed. Similarly, the cross-linking of CagUDC50-His-containing extract produced one CagU-specific band of~42 kDa, suggesting self-association of CagU. In this experiment, we also observed a native CagU dimer (Fig. 5A , lane 1) that was found to be SDS resistant, such resistant forms are reported earlier [39, 40] .
CagU is partially processed
While searching for the interacting partners of CagU by IP using anti-CagUr antibody, we observed a faster migrating CagU-specific protein band (~20 kDa) near the monomeric CagU (~25 kDa; data not shown). We hypothesized that the faster migrating band might be a processed form of CagU. We also hypothesized that the cleavage of CagU might occur near its C terminus, since the anti-CagUr antibody was raised against the first 100 amino acids (1-100) at the N-terminus of the protein.
To test the notion, we constructed H. pylori strain HpDcagU/cagU-His having C-terminal his-tag with its own promoter at the rdxA locus (Fig. S7B) .
Expression of the strain was tested by IP and WB (Fig. S7C ).
Next, cell extracts were prepared from wild-type H. pylori, HpDcagU, HpDcagN, and HpDcagU/cagUHis strains (without cross-linking) and concentrated by acetone precipitation, separated in SDS/PAGE, and western blotted using anti-CagU, anti-His, and antiCagN antibodies. CagN was tested as a positive control [27], whereas HpDcagU was tested as a negative control. As shown in Fig. 5B , anti-CagU antibody has identified two CagU-specific bands (~25 kDa and 20 kDa) from the wild-type H. pylori and HpDcagU/ cagU-His extracts, but no band from HpDcagU. However, only the~25 kDa band was visible when antiHis antibody was used in the WB, indicating again that CagU (218 amino acids) might be processed at the C terminus. To substantiate the result, native CagU and its proposed processed form was immunoprecipitated by anti-CagUr antibody, separated in one dimensional SDS/PAGE, and silver stained. Desired protein bands were excised, digested with trypsin, and were analyzed by MALDI-TOF mass spectrometry. MALDI-TOF analysis of the full-length protein (218 (Table S4) . These results thus again support our notion. We have not attempted to locate the exact site of processing. Therefore, the exact location of the processing site and its importance in the Cag-T4SS structure and function are required to be elucidated.
CagU is required for CagA surface localization
Previously, we have hypothesized that CagA translocation into the host cells could be a two-step process [28] . Therefore, to test whether CagA can reach bacterial cell surface in the absence of CagU, we performed IFM on the wild-type H. pylori, HpDcagU, and HpDcagU/cagU strains. As shown in Fig. S8 , unlike in the wild-type H. pylori and cagU-complemented strains, CagA was unable to reach the bacterial cell surface, suggesting its requirement in the Cag-T4SS function. This result was substantiated by immuno TEM. Similar to IFM, CagA was observed on the cell surfaces of both wild-type and HpDcagU/cagU strains, but not on the surface of HpDcagU strain, suggesting the requirement of CagU in the bacterial surface localization of CagA (Fig. 6) .
In this connection, we also tested the findings of Fischer et al., that CagU is required for CagA translocation into the host cells by using the cagU-complemented strain HpDcagU/cagU. We determined CagA phosphorylation in the H. pylori-infected AGS cells by IFM using anti-phospho-tyrosine antibody. Areas of colocalization of tyrosine-phosphorylated CagA (red) and CagA (green) appeared yellow (Fig. S9) . However, no yellow spot was observed when AGS cells were infected with HpΔcagU. Thus, these IFM results reconfirm the earlier results [20, 41] .
Discussion
Type IV secretion system is the most versatile bacterial nano-machine used by a number of gram-negative and gram-positive pathogens for transport of macromolecules into extracellular milieu or into host cells [14, 15] . Unlike other T4SSs, Cag-T4SS of H. pylori is relatively different having large number of components, including a number of H. pylori-specific or unique factors [19] .
CagU is one such predicted essential unique Cag-T4SS component [19] . However, not much is known about its function in the context of Cag-T4SS biogenesis and mechanism of CagA transport to the bacterial cell surface. In the present study we have characterized the protein and have shown that it is an inner membrane protein.
In the prototypical VirB/D4 T4SS of A. tumefaciens, VirB4, VirB6, VirB8, VirB10, VirB11, and VirD4 are reported to be inner membrane-associated proteins [42] . Similarly in Cag-T4SS, VirB homologs CagE, CagY, and Caga (partly cytoplasmic) are experimentally shown to be inner membrane-associated proteins [18, 31] . CagF and CagZ are also shown to be associated with the inner membrane (partly cytoplasmic) [43] . Topological and in silico analysis indicated that CagV and CagW are also inner membrane-associated proteins [31] .
Our study indicates that CagU levels are partially affected in the absence of inner membrane protein CagW and CagV and outer membrane protein CagX, a VirB9 homolog. Thus, it was expected that CagU might interact with them [31] . Although VirB9, and its homologs including CagX are outer membrane proteins, they are known to interact with inner membrane proteins VirB6, VirB8, and homologs in other T4SSs including Cag-T4SS [17, 18, 37, [44] [45] [46] . In a recent article, Frick-Cheng et al., immunoprecipitated Cag-T4SS outer membrane-associated core complex using inner membrane protein CagF (tagged with HA) [47] . However, we were unable to demonstrate the interaction between CagX and CagU in the detergent-solubilized cell extracts, and even in the cross-linked extracts. One possibility could be that in the absence of cagX, the assembly of the functional Cag-T4SS might be affected and which in turn may partially influence the stability of CagU, but other possibilities could not be ruled out. Nonetheless, CagV and CagW were found to interact with CagU under similar conditions. CagW is a putative VirB6 homolog, however, nothing is known about it. Here, we have demonstrated for the first time the interaction between CagW and CagU. In A. tumefaciens, VirB6 is proposed to regulate the assembly of the secretion channel and T-pilus biogenesis [37] . If we assume CagW has a similar role, then we could speculate that CagU might be a part of the Cag-T4SS channel, contribute in substrate transfer into the channel, and pilus biogenesis in conjunction with CagW. However, the notion needs to be experimentally tested in the near future.
We also provide evidence that CagU may be partially processed at the C terminus and forms a dimer. Identification of a~50 kDa CagU-specific band during the search of CagU-interacting protein(s) by IP led us to speculate that it might self associate. DSP crosslinking of a mixture (1 : 1) of wild-type CagU and a truncated version of the same followed by IP using anti-CagUr antibody resulted in three CagU-specific bands having molecular masses of~50,~46, and 42 kDa suggesting that CagU might self associate. VirB8 in A. tumefaciens forms a homodimer and interacts with a number of VirB proteins despite its small size and dictates the biogenesis of the T4SS [34] . It seems that dimerization might have helped VirB8 in extending its capacity to interact with other components [34] . Similarly, CagU is also a small protein (~25 kDa) and is observed to form a dimer by chemical cross-linking, however, it was found to interact with only the inner membrane proteins CagV and CagW. Although, processing of the CagU at its C-terminal end is clearly demonstrated using C-terminally His-tagged CagU in H. pylori and MALDI-TOF analysis, it needs to be analyzed further to map the exact location of the processing site and its significance in the Cag-T4SS function.
Next, we focused our attention to test the role of CagU in the surface localization of CagA. In this connection, we have previously hypothesized that CagA translocation into the host epithelial cells could be a two-step process, since CagA can reach the bacterial cell surface in the absence of Cag-T4SS pilus (in the absence of CagI in HpDcagI strain) [28] . We have demonstrated here that CagA surface localization is CagU dependent, like in the case of CagE [18] . This result, thus, indicates that CagU might play a structural role in the biogenesis of Cag-T4SS. In the absence of CagU, we observed CagA in the cytoplasm or near the inner membrane as shown in the electron micrograph. CagU is also shown to be required for the expression of CagI and CagH that are essential for the Cag-T4SS pilus synthesis, suggesting probable functional role of the protein in pilus biogenesis. When the defective cagU function in HpDcagU is restored in the complemented HpDcagU/cagU strain, the wild-type CagU function is regained. This suggests its probable role either in the proposed inner membrane gate complex or in the secretion channel formation, which seems to deliver CagA into the transmembrane channel [22] . However, this notion needs to be verified experimentally.
Our study, thus, provides evidence of important functional properties of the CagU that are associated with the stability (protein levels) of CagI and CagH, CagA translocation across the membranes, and into the host cells. However, further studies are needed to decipher the mechanism of its action in coordination with other inner membrane-associated Cag-T4SS components especially CagV and CagW, and its link to the pilus biosynthesis process.
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